In recent years, research has focussed on the mechanisms of this relationship by examining the role of vitamin D at both the gene expression and functional levels. 2 This research has provided more evidence for the link between the vitamin and food allergies. Furthermore, modifications to the bioavailability and functioning of vitamin D via differences in the genes involved in vitamin D metabolism and function have been explored, not only in food allergies but in the general immune system. 17, 18 This review will focus on the relationship between vitamin D and food allergy development, through a discussion of potential mechanisms of action at the cellular, genetic, epigenetic and microbial levels.
| IGE-MEDIATED FOOD ALLERGY
Food allergy describes an immune-mediated reaction to a food. The term food allergy encompasses reactions classed as either IgEmediated or non-IgE-mediated, or both. 19 Currently, IgE-mediated food allergies are the best characterized and are the classically recognized type in society. IgE-mediated food allergies can result in urticaria, angioedema, vomiting and/or anaphylaxis. 19 Initial exposure to an allergen induces sensitization: the production of antigen-specific IgE. Re-exposure induces faster, larger reactions, as mediated by these IgE antibodies, characterizing food allergy. During re-exposure in a previously sensitized individual, upon entering the body, the food allergen is taken up by dendritic cells which digest and present pieces of the antigen on their surface.
Na€ ıve T cells bind and differentiate into T helper cells, causing a cascade of immediate chemical and cellular responses. These responses include B cell differentiation, the production of antigen-specific IgE and secretion of a range of cytokines and chemokines. 20 The IgEtriggered release of chemical mediators from granulocytes ultimately results in systemic symptoms that characterize an allergic reaction, including urticaria and anaphylaxis. 20 These reactions are maintained by late-phase chemokine and pro-inflammatory cytokine secretion, and subsequent recruitment of additional leucocytes. 20 3 | VITAMIN D Early epidemiological studies indicated some association between latitude and food allergy, and this could be explained by differences in endogenous production of vitamin D by exposure to UV rays. Latitude affects sunlight and solar radiation exposure, with the most southern and northern regions of the globe receiving fewer megajoules of sunlight per square metre. 12 Populations of the United
States and Australia in regions furthest from the equator have an increased risk of overall allergy, food allergy and food allergy markers, compared to those closest to the equator. 11, 12 After controlling for population and region characteristics, one study reported prescriptions for epinephrine auto-injectors were higher in the northernmost states of the United States, particularly those in the New England region (8-12 prescriptions per 1000 people) when compared to southern regions (3 prescriptions per 1000 people). 11 In an Australian study, similar prescriptions and admissions to hospital for anaphylaxis were higher in southern regions (Hobart, Tasmania) than northern regions (North Queensland). 12 However, in this study, they were unable to differentiate between new and renewed prescriptions.
Moreover, south-eastern regions of Australia have greater prescriptions of hypoallergenic infant formula than other parts of the country, with rates as high as 14 406 per 100 000 people per year. 13 Following observations of a low proportion of food allergies in children born in summer and spring months, it was hypothesized that birth season and food allergies were related. Researchers from the Australian HealthNuts study found the odds of food allergies in children born in summer were 55% lower than those born in other seasons. 14 Similarly, another study found children born in winter and autumn, compared to those born in summer and spring, had higher rates of food allergies (57% vs. 43%), epinephrine auto-injector prescriptions (54% vs. 46%) and prescriptions for hypoallergenic infant formula (54% vs. 46%). 15 The authors reported significant associations of overall food allergy and ultraviolet radiation (UVR) intensity. 15 Results from other studies have also suggested associations between vitamin D status at birth, as mediated by birth season, and the risk of developing food allergies later in life. 25, 26 Atopic phenotypes appear to be developed in the crucial ante-and post-natal periods, and as a result, the season of birth has an effect on overall immune development. and function. However, in later research, the same team found no association. 47 In food allergy research, cord blood vitamin D levels were negatively correlated with Treg numbers, although in this case the trend was weak. 34 More recently, a mouse study showed vitamin D-deficient females had pups that were at a greater risk of food sensitization and had suppressed Treg cells, compared to the pups that were from females fed a balanced diet. 48 The relationship between vitamin D levels and Tregs is better described when considering the involvement of dendritic cells (DCs Genetic studies have suggested that multitudes of genes could be involved in the development of allergic disease, including genes associated with vitamin D metabolism, and skin and gut barrier integrity. 62 Specifically, the vitamin D response element has been identified in several genes directly relevant to food allergy pathogenesis, including those encoding for cytokines TNF-a, IFN-c, IL-10, and the antigen receptor proteins HLA-DRB1 and HLA-DQA1. (Table 1) . 63 
| VITAMIN D MODULATION VIA MICROBIAL PATHWAYS
The role of the microbiome in regulation of immunity is of great interest in current research. The hygiene hypothesis of food allergies described a link between cleanliness and risk of food allergy. 10 As more information was uncovered, the intestinal microbiome became a key part of this hypothesis. 76 There have been emerging insights into how vitamin D interacts with the microbiota of the host.
Vitamin D has a well-established role in the regulation of antimicrobial peptides, such as cathelicidin, produced in both the gut and the skin. 77 In the intestinal lining, this modulation of antimicrobial peptide synthesis by vitamin D affects the homeostasis of the gut barrier. In an in vitro study, cathelicidin maintained the integrity of the intestinal lining both directly and indirectly. 78 Intestinal epithelial cell migration and the expression of protective mucins were enhanced by cathelicidin. 78 In a mouse model, vitamin D deficiency compromised the mucosal barrier, leading to increased susceptibility to mucosal damage. 79 Therefore, attenuation of antimicrobial capacity and injury to the protective barriers of both the gut and the skin raise a plausible mechanism of vitamin D underlying the development of food allergy. Disruption to the gut barrier also leads to a dysbiosis of microbiota. 76 Intestinal dysbiosis increases susceptibility to pathogens and toxins and triggers inflammatory responses, and it is proposed that this cascade can lead to food allergies. 80 Studies in mice have shown a link between vitamin D deficiency, or VDR suppression, and alterations to gut microbe composition. 81 Clostridium and Bacteroides were depleted in faeces in one study of VDR deficient mice, whereas Lactobacillus was enriched. 82 Through investigation of vitamin D signalling on the microflora of mice with insulin resistance, it was shown that vitamin D is necessary in the maintenance of the interface between the intestinal epithelia and gut microbiota. 83 In the VDR knockout mice, composition of the gastrointestinal tract was significantly modified, with increased abundance of pathogenic bacteria and suppressed symbiotic bacteria, and changes in expression of defensin peptides, mucosal genes and tight junction genes. 83 Vitamin D deficiency at birth resulted in long-term alterations to colonic bacteria in mice, resulting in a susceptibility to the inflammatory state. areas. 85 Relative abundance of Gammaproteobacteria decreased significantly, and there was an increase in microbial diversity. 85 Most recently, vitamin D levels in utero were associated with variations in bacteria from the Firmicutes phylum by 6 months of age; however, supplementation with vitamin D after birth had no significant effect. 86 Changes to microbial composition can affect immunity, with intestinal microbiota inducing Treg and Th1 cell differentiation, and promoting Th1 cell responses. 76 Tregs, and the anti-inflammatory cytokines they release, are critical in the suppression of effector T-cell responses that lead to allergic disease. 76 Through dysbiosis, the microbiome can play a significant role in the development of allergic disease. 
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